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ABSTRACT
Longitudinal ventilation systems in transit and rail tunnels are typically analyzed by one dimensional ventilation network
sititulation models, such as the Subway Environment Simulation (SES) program. However, in recent years computational
fluid dynamics (CFD) modeling has been utilized in conjunction with one-dimensional ventilation network programs to
study ventilation systems for large volume spaces such as transit stations and rail overbuilds, as well as for vehicular tunnels. CFD uses numerical methods to simulate complex fluid flow phenomena in three dimensions to predict the distribution of velocity, pressure, temperature, concentration, and other relevant variables throughout the volume. This paper presents an overview of CFD study results from emergency ventilation analysis for a transit station and both emergency ventilation and diesel emissions analysis for a rail overbuild.
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INTRODUCTION
Nwnerous technical publications on tunnel fire safety state

the importance of designing an emergency ventilation system to remove heat and smoke generated during a fire to
permit the safe egress of passengers and the entrance of
fire-fighting personnel. For transit or rail tunnels, the predominant method for achieving this goal is to develop sufficient longitudinal air movement past the fire site so that
all of the smoke and hot gases will be forced in the downstream direction. If the longitudinal air movement is inadequate, the upper layer of heated air may flow in the direction opposite to the forced ventilation (a phenomenon
called "back-layering'').
One dimensional fluid flow models, such as the Subway
Environment Simulation (SES) program, have frequently
been used to predict longitudinal smoke movement and
heat propagation in tunnels. The SES program is ideally
suited to evaluate mechanical "push-pull'' emergency ventilation systems in which reversible fan plants are operated
in a combination of supply and exhaust modes to provide
forced flow in the direction opposite that of the evacuating
passengers. The SES program can also be used to analyze
"nonnai" ventilation conditions for transit or rail tunnels

involving train generated "piston effect" airflow through
the portals and ventilation shafts.
One-dimensional ventilation models are not equipped to
study all types of tunnel ventilation problems, however.
When analyzing ventilation systems for large, irregularly
shaped spaces such as transit stations, three-dimensional
fluid flow models may be more appropriate. Threedimensional models may also be preferable to onedimensional models for studying the natural ventilation of
train fires, or exhaust gas distributions from idling diesel
locomotives where no piston effect or mechanical ventilation is available to create longitudinal air movement.
Computational fluid dynamics (CFD), a numerical
technique for modeling complex fluid flow, beat transfer,
and mass transport phenomena in three dimensions, has
gained increased acceptance in recent years as a tool for
analyzing ventilation problems for transit, rail, and vehicular tunnels. CFD simulations can provide useful quantitative design information and insights into the underlying
physical processes being studied that previously required
model testing to obtain.
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CFD f\.ffiTHODOLOGY
The tunnel ventilation analysis presented in this paper was
performed using FLUENT, a general purpose CFD program capable of simulating fluid flow in two and three dimensions. FLUENT models a wide range of phenomena by
solving the conservation equations for mass, momentum,
energy, and chemical species. These equations can be written in Cartesian tensor notation as follows:
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solved for the dependent variables at the various grid
points.
FLUENT utilizes a non-staggered system for storage of
discrete velocities and pressures. Interpolation is accomplished via first order as well as higher order upwind
schemes. The equations are solved by the SIMPLE or
SIMPLEC algorithm. Both methods use an iterative lineby-line matrix solver and multi-grid acceleration. For turbulence modeling within FLUENT, three choices are available depending on the complexity of the problem. These
models are the standard k-e, RNG and the Reynolds Stress
model.
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where pis the density, u; and x; are the velocity and coordinate axis in the ith direction, r11 is the stress tensor acting in
the ith face in the jth direction, g; and F; are the gravitational acceleration and external body forces in the ith direction, h and k are the static enthalpy and the thermal
conductivity, Pis the pressure, J;·,; is the diffusive mass flux
for species i' in the ith direction, llli· is the mass fraction of
the species i ', and S; · and Sh are the source tenns for the
mass production of species i' and enthalpy, respectively.
FLUENT uses a control volume based finite difference
method to solve the governing equations, which are discretized on a curvilinear grid to enable computation in complex/irregular geometries. The mathematical model, or
"computational domain," representing the process being
analyzed is divided into a number of non-overlapping control volumes with a grid point placed at the center of each
control volume. The lines joining the grid points are called
grid lines. The value of an internal grid point is assumed to
prevail over the control volume around it. Similarly, the
value of a boundary grid point is assumed to prevail over
the face of the associated control volume.
CFD simulations involve two types of variables: scalar
and vector. A scalar variable is one that has a value at a
point, but no direction. For example, temperature is a scalar variable. A vector variable, such as air velocity, has
both a magnitude and a direction. The CFD simulation
solves for the value of velocity, temperature, chemical species concentration, and any other variable of interest at
every grid point in the computational domain. To obtain
these values, the relevant differential equations are transformed into algebraic equations by integration over each
control volwne. The algebraic equations are subse-quently

This section summarizes CFD analysis of alternative emergency ventilation systems for a representative transit station. The station evaluated is a double track, center platform, cut-and-cover station with a partial mezzanine level
at grade as shown in Figtue 1. An analysis of heat and
smoke conditions resulting from a subway car fire was
performed to determine the emergency ventilation system
requirements and operating modes to maintain tenable conditions for evacuation in the event of a train fire occurring
in this station. Heat and smoke migration patterns were
examined for natural, exhaust, and push-pull ventilation
systems.

Study Criteria
Design objectives for the emergency ventilation systems
evaluated in this study were taken from the National Fire
Protection Association (NFPA) 130, Standard for Fixed
Guideway Transit Systems, Section 4-2.1, a and b (1997
Edition):
• Provide a tenable environment along the path of egress
from a fire incident in stations and trainways.
• Produce airflow rates sufficient to prevent backlayering
of smoke in the path of egress within enclosed trainways.
The determination of a "tenable environment" for the
emergency ventilation simulations focused on two of the
factors listed in Appendix B-1 of NFPA 130: (1) air temperature that does not exceed 60°C (140°F}, and (2) smoke
obscuration levels maintained below the point at which a
sign illuminated at 7.5 fodt-<:andles is discernable at 9.1 m
(30ft).
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Fivure 1. Transit Station Orientation.
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composition of the burning car as well as the stoichiometry
of the combustion process. Subway car fuel material may
contain polyurethane, neoprene sponge, nylon fabric and
vinyl coverings, any and all of which may be consumed
during a fire. The complexity of car material composition
and variability of fire locations create too many variables to
be analyzed, and consequently, modeling full combustion is
prohibitive. Instead, a generic smoke source derived from
the heat release rate can be used to study smoke movement.
In evaluating simulation results, a smoke mass fraction of
0.0075 is assumed to meet the NFPA criteria for acceptable
evacuation conditions.

Fire Representation
An emergency ventilation system must maintain environmental conditions that meet the NFP A standards in the
enclosure for the peak heat release rate that a fire may attain while a vehicle is burning. The computation of the

CFD Model Description

The station is comprised of two levels and is approximately
213.4 m (700ft) long by 15.85 m (52 ft) wide by 19.81 m
peak heat release rate, expressed in megawatts (MW) or
(65 ft) high. The lower level consists of two tracks and a
million Btu per hour (MBtulhr), is a function of the comcentral platform, with a h3lf-width mezzanine on the upper
busbble heat content of the vehicle, the estimated initial
level centered over the middle of the station in the longituburning rate of the fire and the type of connection between
dinal dimension. Three large sets of stairs lead from the
vehicles. A design maximum fire heat release rate of 16.1
track level to the upper mezzanine level, which is conMW (55 MBtu/hr) was established for the transit station
nected to the ambient through two side exits. The alignstudy, based on previous analysis performed for the same
ment of the station is on a 0.25 percent grade, with intype of subway cars.
creasing elevation to the north. The station was represented by a non-uniform, three dimensional grid consisting
The ·subway car fire is represented as a source of heat
of 150 cells in the x-direction (along the station's longituand mass in the model, with the fire heat release rate repredinal axis), 40 cells in the y (vertical) direction, and 40
sented by a volumetric heat source (heat release per unit
cells in the z (lateral) direction.
volume) uniformly distributed over cells representing the
The present problem was simulated time independent
length of a subway car (21.3 m (70ft)). The heat re-lease
(steady state) in a generalized coordinates system. Twburate and the heating value of the fuel are used to compute
lence was modeled using the RNG model as well as a twothe mass flow rate of the fuel consumed. An e>.1ra equation
layer wall function model to bridge the laminar sublayer
is solved for the products of combustion, and the local connear the wall to the turbulent core away from the wall. The
centration of smoke will be related to the concentration of
product gases resulting from the combustion were modeled
the products using the yield rate of the smoke for the fuel
as
non-reactant species. Eight conservation equations were
used. The conservation equation of the combustion prodsolved iteratively until convergence. These equations repucts contains a source tenn which is deduced from the rate
resent the conservation of momentum in the three direcof the fuel consumption and the stoichiometric ratio (air to
tions, continuity, energy, species, turbulent kinetic energy
fuel mass flow rate ratio for a complete combustion).
and its dissipation.
CFD analysis requires the definition of boundary condiSmoke Modeling
tions at any interface between the station and the atmosphere, such as at station exits. Boundaiy conditions can be
specified in terms of pressure, velocity, and smoke mass or
The products of combustion from a transit car fire will inmole fraction. The Subway Environment Program (SES),
~lude aerosols and gases, which are potentially toxic and
which is a time-dependent, one dimensional ventilation
InCapacitating and will limit visibility. To accurately premodel with subprograms for simulating airflow, heat
dict and model specific products of combustion which are
transfer, environmental conditions and train movement in
potentially harmful, the inventory of combustibles of the
subways and rail tunnels, was used to predict the boundary
transit vehicle must be assessed. The chemical composition
of the transit car materials will determine which toxic aero- . values at the tunneVstation interface. The tunnels adjacent
to the station were not directly modeled in the CFD prosols and gases are produced by the fire.
gram
Full combustion can be modeled using CFD techniques,
given the necessary information regarding the material
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Discussion of Results
The analysis evaluated the "worst case" conditions that
could occur in the station during a fire emergency by
simulating two fire scenarios for each of three ventilation
modes (natural, push-pull, and exhaust). The subway train
was pulled fully into the station for both fire scenarios. The
first fire scenario involves a single car train on the east
track at the south end of the station f'end-of-platfonn
fire"). The train at the south end is located in the full
height area close to the southernmost escalator as seen in
Figure 1. The second fire scenario involves a single-car
fire on the east track at approximately the midpoint of the
station ("mid-platform fire" ). At this location, the train fire
is under the mezzanine, just south of the middle escalator
as seen in Figure 1.

To provide an overall picture of conditions in the station
for each simulation, temperature and smoke mass fraction
were evaluated for a several longitudinal sections taken
through the station. Temperature contours for a longitudinal section through the midline of the platform are shown
for each simulation in Figtlre 2. Smoke mass fraction contours are displayed for the same longitudinal sections in
Figure 3. The north end of the station is located near the
right edge of Figures 2 and 3.

1200 F

Mid-Platform Fire; Natural Ventilation
400

Mid-Platform Fire; Exhaust Ventilation

300

Mid-Platform Fire; .Push-Pull Ventilation
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End-Platform Fire; Exhaust Ventilation
140

End-Platform Fire; Push-Pull Ventilation
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Figure 2. Temperature Contours for Longitudinal Sections through Center of Transit Station Platform.
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End-of-platform fire
An examination of Figure 2 indicates that a zone of high
temperatures in excess of 60°C ( 140°F) forms directly
above the end-of-platform fire location then spreads along
the mezzanine level for a natural ventilation system.
Smoke concentration contours (see Figure 3) indicate intolerable values in the mezzanine level. The two most northem set of stairs can be considered as escape routes.
For the exhaust ventilation system, boundary conditions
were set to simulate a total of 188.8 m 3/s (400,000 cfm) of
airflow exhausted from the north end of the station and

94.4 m3/s (200,000 cfm) from the sout11east end. The exhaust ventilation results illustrated in Figures 2 and 3
clearly show that the southernmost stairway and the south
end of the mezzanine are completely contaminated with
high smoke concentration levels and elevated temperature
levels. On the other hand, this mode of ventilation is able
to keep the middle and the northernmost stairs free from
hazardous levels of temperature and smoke.
Approximately 188.8 m3/s (400,000 cfm) of air is supplied from the north end of the station and 94.4 m3/s
(200,000 cfm) exhausted from the southeast end in the
push-pull system. Unlike the exhaust mode of operation,
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0.1

Mid-Platform Fire; Exhaust Ventilation
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Mid-Platform Fire; Push-Pull Ventilation

0.02
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Figure 3. Smoke Mass Fraction Contours for Longitudinal Sections through Center of Transit Station Platform.
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high temperatures and smoke mass fractions are found all
along the mezzanine level due to the change of the airflow
direction to and from the fans. Even though escape to
safety is possible through the middle stairs, tllis mode is not
as effective as mechanical exhaust ventilation in providing
acceptable evacuation conditions in the station.

Mid-Platform Fire
Figure 2 shows that high temperature levels spread to both
the south and the north from the location of tlte midplatform fire in the east track for a natural ventilation system. Hot fumes have a tendency to propagate, rising up to
the ceiling whenever the path is blockage free. High temperature levels and iritolerable smoke fractions are present
in the mezzanine level. None of the evacuation paths from
the platform towards the mezzanine can be declared safe
routes for patron escape.
The only unsafe route from the platform toward the exits for the exhaust ventilation systems is the one through
the southern stairs. The push-pull mode of ventilation does
not clear contaminants from the space as well as the exhaust mode as seen in Figures 2 and 3. The southern stairs
appear to represent the safest way to get to the outside of
the station for push-pull ventilation. While this method is
less attractive compared to the exhaust system, it is still
considered to provide better conditions for evacuation than
the natural form of ventilation for this station configuration.

Conclusions from Station CFD Simulations
Overall, a mechanical exhaust ventilation system provides
the most desirable conditions for passenger egress throughout the station for both the end-of-platform and midplatform fire locations.

CFD ANALYSIS OF A RAIL OVERBUILD
This section describes CFD simulations performed for both
emergency and nonnal ventilation systems for a rail overbuild created by the construction of a series of commercial
high-rise residential buildings over a pair of existing passenger railroad tracks. Diesel locomotives will be operating
in the overbuild since the section of tracks beneath the
buildings is not electrified. The CFD studies focused on the
initial construction phase of the project, which will create a
256 to 335.3-m (840 to 1,100-ft)-long enclosure situated
beneath three to four buildings. Additional construction
planned by the developer may eventually extend the length
of the overbuild to 975.4 m (3,200 ft) .

A three-dimensional representation of the overbuild encompassing Buildings "C" through "F" is shown in Figure
4. The height of the overbuild will be a minimum of 5. 59
m (18 ft-4 in.) above the top-of-rail, although it increases to
as much as 6. 71 m (22 ft) in some segments. Full height
crash walls running parallel to the tracks form the east-and
west boundaries of the enclosure and provide a constant
width of 9.75 m (32 ft) for most of its length. The east
crash wall is dropped for the northernmost building ("C"),
allowing the overbuild width to increase to 15.24 m (50ft).
At that location, a pre-existing stone wall forms the east
boundary.
Due to the uncertainty regarding the sequence of building construction and the total number of buildings to eventually be erected, the ventilation analysis focused on
modular ventilation concepts that could be employed
throughout the progressive development of the project.
Close spacing of ventilation shafts was possible since the
developer allowed for shaft construction through the lowrise section of each building.

Emergency Ventilation Analysis

As described in the Introduction, emergency ventilation for
train fires in transit or rail tunnels is typically provided by
mechanical "push-pull" systems. However, because tile
developer of the overbuild allowed shafts in adjacent
buildings to be spaced no further than 76.2 m (250 ft)
apart, the ventilation studies focused on a natural ventilation system. Since one dimensional ventilation network
models are not capable of modeling the natural ventilation
of a train fire, CFD was utilized to perform the analysis.
A design maximum fire heat release rate of 31.1 MW
(106.2 MBtu/hr) was established for the overbuild study,
based on previous analysis performed for the same type of
rail passenger cars. As with the transit station modeling,
the fire is represented as a source of heat and mass in the
CFD model; the combustion process is not simulated. Design objectives for the rail overbuild emergency ventilation
systems were taken from the NFPA 130, Section 2-3.2, a-c
(1995 Edition), which is similar to Section 4-2.1 of the
1997 Edition (used as criteria for the transit station analysis). Evaluation of the CFD results for the rail overbuild
focused on the NFPA requirement of limiting the air temperature in the evacuation path to 60°C ( 140°F} or less.
Smoke concentrations were not modeled, and most of tile
dense smoke was assumed to remain above the 60°C
(140°F) air layer.

CFD APPLICATIONS IN TUNNEL VENTILATION ANALYSIS
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Figure 4. Rail Overbuild and Ventilation Shaft Arrangement.
CFD Model Description
For each building configuration studied, a detailed three
dimensional grid representing the entire overbuild volume
was develQped. Figure 4 illustrates the four-building arrangement. While the initial modeling effort concentrated
on one large ventilation shaft per building (23.2 m2 [250
tr]), subsequent simulations assumed two ventilation shafts
in the low-rise portion of each building, each with crosssectional areas of 11.15 to 14.86 m2 (120 to 160 te). The
single shaft per building arrangement was not compatible
with building design and construction.
Three-dimensional representations of the vent shafts
and the train (locomotive plus seven passenger cars) were
also included in the grid. Shaft and portal openings to the
atmosphere were treated as "pressure boundaries" which
allow natural ventilation airflow generated by the fire to
enter or exit the overbuild. The effect of dampers and bird
screens located at the top of each shaft was accounted for by
the placement of a "porous medium" with the appropriate
loss coefficient below the top of each shaft.
Natural ventilation simulations using CFD were conducted for fires located at various positions in three ("C""E,") and four-building ("C-"F') enclosures. A fire located
midway between the ventilation shafts that were spaced the
furthest apart was assumed to represent the "worst case"
scenario, since the smoke and heat would have to spread
over the longest possible segment of the overbuild before
being exhausted to the atmosphere through the vent .shafts.

Results of Emergency Ventilation Simulations

CFD analysis was performed for a 31.1 MW (106.2 million
Btu/hr) fire located midway between the Building "D" and
"E" ventilation shafts for a three-building enclosure and
midway between the Building "E" and "F' shafts for a fourbuilding enclosure. In both cases, high temperature air layers in excess of 482°C (900°F) form near the tunnel ceiling
directly above the fire and spread longitudinally toward tlte
shafts. The height of the ambient air (32°C or 90°F) layer
being drawn toward the fire site increases near the shafts as
the high-temperature zones become thinner.
Buoyant forces created by the fire produce air currents
near the ceiling of the overbuild that flow from the fire to
the natural ventilation shafts in the buildings immediately
adjacent to the fire. The shafts in Building "C" and both
portals supply air to the ovetbuild, while approximately 236
to 283.2 m 3/s (500,000 to 600,000 cfm) of air is exhausted
from the two shafts located immediately adjaa:nt to the fire.
To determine whether the natural ventilation system
modeled meets the NFP A criteria listed previously, the
height of the 60°C ( 140°F) layer on the CFD output was
determined near the location of exit doors at the far end of
passenger cars situated on either side of the burning car.
The CFD output shows the 60°C ( 140°F) layer to be approximately 3.05 m (10ft) or more above the top-of-rail at
these locations, which means that passengers exiting
through the doors (top of doors is 3.05 m (10ft) above the
top-of-rail) would be entering an evacuation atmosphere
which meets the NFPA 130 criteria Acceptable evacuation
paths to the portals would be provided on both sides of the
·fire.
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As shown in Figure 4, the shafts in Building "F' are not
located directly over the tracks. Instead, they are offset to
the east of the overbuild due to construction constraints and
are connected to the overbuild by openings in the east crash
wall. As would be expected, the initial CFD simulations
performed for the four-building configuration indicated that
the Building "F' shafts are not as effective as the ceiling
shaft penetrations used in the other buildings for providing
natural ventilation. To improve the smoke and temperature
control capabilities of the Building "F" shafts during fire
emergencies, additional openings were added in the east
crash wall to the north and south of each shaft, with the
openings connected to the shafts by a common plenum.
Figure 5 displays temperature contours for cross sections taken at a distance of22.86 m (75ft) from each end of
the burning car (the approximate location of the far exit
doors for the adjoining cars) for a fire located between
Buildings "E" and "F." The height of the ambient air level
is higher to the north of the fire since the Building "E"
ventilation shafts are located directly over the tracks and
exhaust more of the fire products than the Building "F'
shafts. Figure 6 illustrates the longitudinal air movement
generated through the overbuild by the fire. Average velocities of the ambient airstream drawn through the portals
are nearly 2.54 m/s (500 fpm). The east crash wall openings provided near the Building "F shafts are also depicted
in Figure 6.
The CFD simulation results for the overbuild demonstrate that a system of two natural ventilation shafts per
building meets the study criteria for passenger egress for
the large fire, precluding the need for a series of large tunnel ventilation fan plants. However, subsequent CFD
simulations performed for a small, smoky undercar fire (0.7
MW (2.4 million Btulhr) did indicate that a mechanical
exhaust system is required for small fires. This type of fire
would not produce the buoyant effects that result from the
fire size previously discussed. The additional CFD modeling demonstrated that an exhaust ventilation system with
a capacity of 14.2 m3/s (30,000 cfm) per shaft would provide an acceptable smoke layer height for the small fire.

of diesel exhaust contaminants in the overbuild for stopped
locomotives operating in "hotel mode." In "hotel mode,"
the diesel engine provides power for on-board auxiliaries
such as air conditioning and lighting for passenger cars.
Since a stopped train does not generate piston induced longitudinal airflow, the SES model could not be used to
simulate the three-dimensional dispersion of diesel gases.

Emissions analysis criteria
As noted by Bendelius ( 1982), previous emission studies for
diesel rail operations have demonstrated that if concentrations of NOx (N02 and NO) are maintained within acceptable levels in tunnels, ·all other concentrations of diesel
exhaust contaminants will also be maintained within acceptable levels. Nitrogen dioxide (N{h) concentrations
were evaluated for this study, instead of nitrous oxide (NO),
because N02 has lower 15-minute (5 ppm) and 8-hour (3
ppm) legal exposure limits than NO.

CFD Model for "Hotel Mode" Operation
CFD simulations of a diesel locomotive operating in "hotel
mode" were performed for a three-building enclosure. The
small exhaust ventilation fans required for small fires were
included in the "hotel mode" simulations. The stopped diesel locomotive was situated midway between the shafts in
Buildings "D" and "E" since this represents a "worst-case"
scenario with respect to maximum distance away from
ventilation shafts.
Velocity boundary conditions were established for the
diesel exhaust port and radiator fan located on the top rear
of the locomotive. Input data for the simulation included
gas temperature and mass flow rate for the radiator intake
and exhaust, and the engine exhaust Heat transfer between
the air/gas mixtures discharged from the locomotive and
the ceiling and sidewalls of the overbuild was also modeled.

Results of "Hotel Mode" Simulations
Normal Ventilation Analysis

N02 concentrations are shown as mole fractions (volume of
N~ gas/volwne of exhaust gas mixture) in Figures 7 and

Ventilation analysis for nonnal train operations was performed with the SES program, which predicted instantaneous "piston effect" airflow quantities through the portals
and proposed ventilation shafts and diesel exhaust concentrations throughout the ventilation network. According to
the SES simulation results, diesel contaminant concentrations in the overbuild would remain below the regulatory
limits established by the Occupational Safety and Health
Administration (OSHA) for normal train operations.
CFD modeling was utilized to simulate the distribution

8, with the darkest areas of the CFD graphical output representing ambient air. Figure 7 displays longitudinal sections
through the overbuild with and without the locomotive radiator fan running. When the fan is operating,
the hot exhaust gases (over 42°C or 800°F) layer near the
crown of the overbuild to the south (left) of the fan. The
3
14.2 m /s (30,000 cfm) of airflow discharged from the radiator fan deflects the gases exiting from the adjacent engine exhaust pon away from the radiator fan. The thick·
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Figure 5. Tempurature Contours for 31.1 MW
(106.2 Mbtulhr) Fire Between Buildings "E" and
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Figure 6. Velocity Vectors for 31.1 .NJW (106.2
MBtulhr) Fire Buildings "E" and "F":
Longitudinal Section Between Train and East
Crash Wall.

Figure 7. N02 l'v'Jole Fraction for Diesel
Locomotive "Hotel Mode" Operation Between
Buildings "D" and "E": Longitudinal Sections
Through Center of Overbuild
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Figure 8. N02 Mole Fraction for "Hotel Mode"
Operation: Cross Section at Air Intake Port South
ofEngine Exhaust.
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ness of the gas layer is approximately 1.83 m (6 ft) in the
immediate vicinity of the exhaust port, thinning out to 0. 91
to 1.22 m (3 to 4ft) for most of the length of the gas stream
between the locomotive and the south portal.
The closest outside air intake port for the passenger car
is located approximately 10.97 m (36 ft) from the engine
exhaust outlet, with the top of the port situated 3.66 m (12
ft) above the top-of-rail. Figure 8, a cross-section through
the overbuild and train taken 10.97 m (36ft) to the south of
the exhaust port, shows N02 concentrations of less than 2
ppm at the air intake port location. Predicted N02 concentrations are 0 ppm at the other end of the car and for the
intake ports on all other cars. Any N02 gases entering the
passenger car air conditioning system would be below both
OSHA's short and long-term exposure limits. When the
radiator fan shuts off as shown in the lower longitudinal
section in Figure 7, the diesel gases are exhausted through
the shafts on both sides of the locomotive and the gas layer
remains several feet above the train.
Assuming complete mixing, simple dilution calculations
indicate that more than ll8 m 3/s (250,000 cfm) of air
would have to be provided along the entire length of the
overbuild to maintain N02 concentrations below the shortterm exposure level of 5 ppm for "hotel mode" operation.
CFD modeling accounts for the stratification of the exhaust
gases, which demonstrates that acceptable N02 concentrations can be maintained at the passenger car air intake locations with as little as (14.2 m 3/s or 30,000 cfm) of air
exhausted per shaft by the small fire fans.

SlThtfMARY
By predicting fluid flow phenomena in three dimensions,
Computational Fluid Dynamics modeling can provide a
more comprehensive picture of environmental conditions in
large volume spaces than traditional one-dimensional ventilation network models. CFD is now widely used to analyze ventilation systems for transit, rail, and vehicular tunnels. As demonstrated by the examples discussed in this
paper, CFD has been successfully applied in the study of
both normal and emergency ventilation systems for transit
stations and rail overbuilds.
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